Abstract Density functional theory calculations and ab initio molecular dynamics simulations are performed to study the feasibility of using borophene, a newly synthesized two-dimensional sheet of boron, as an anode material for sodium-ion and sodium-oxygen batteries. The theoretical capacity of borophene is found to be as high as 1,218 mAh g -1 (Na 0.5 B). More importantly, it is demonstrated that the sodium diffusion energy barrier along the valley direction is as low as 0.0019 eV, which corresponds to a diffusivity of more than a thousand times higher than that of conventional anode materials such as Na 2 Ti 3 O 7 and Na 3 Sb. Hence, the use of borophene will revolutionize the rate capability of sodium-based batteries. Moreover, it is predicted that, during the sodiation process, the average open-circuit voltage is 0.53 V, which can effectively suppress the formation of dendrites while maximizing the energy density. The metallic feature and structural integrity of borophene can be well preserved at different sodium concentrations, demonstrating good electronic conductivity and stable cyclability.
Introduction
Sodium-ion and sodium-oxygen batteries have recently drawn considerable attention as a promising alternative to lithium-based batteries due to the abundance and low price of sodium element [1] [2] [3] [4] [5] [6] . However, sodium is a highly reactive metal with low melting temperature, and also shares the same dendrite problem with lithium, all of which pose sever safety concern [7, 8] . Finding a suitable anode material is one of the most urgent tasks before the commercialization of sodium-based batteries. As the size of sodium atom, 1.02 Å , is bigger than that of lithium, 0.76 Å , many of the anode materials that are good for lithium-based batteries are unsuitable for sodium-based batteries. For example, graphite, a widely used anode material in lithium-ion batteries, showed extremely low capacity when used as a sodium intercalation anode [1] . Many possible materials, such as hard carbon, NiCo 2 O 4 and Sn, have been tested for sodium-based batteries, but these materials suffer from low intercalation utility, slow kinetics and sever volume expansion [9] [10] [11] . Thus, finding a proper anode material with a large reversible capacity, high sodium diffusion rate and good structural stability is critically important for the development of sodium-based batteries.
In recent years, two-dimensional (2D) materials draw great attention as a new class of potential candidates for the anode material of sodium-based batteries. The loose packing between the 2D layers can accommodate the volume expansion caused by the insertion of sodium atoms and maintain the structural integrity. Many 2D materials, such as defective/doped graphene [12, 13] , transition metal dichalcogenides (TMD) [14, 15] , transition metal carbides (MXenes) [16, 17] and phosphorene [18, 19] , have been explored as potential candidates for the anode material of sodium-based batteries using first-principle method, and some of the predicted good performance have already been proven in experiments [20, 21] . Recently, borophene, a 2D sheet of boron, has been successfully synthesized by Mannix et al. [22] . The atomic structure of borophene was resolved experimentally for the first time after many theoretical predictions [23] [24] [25] . The 2D metallic feature and low atomic weight of borophene make it an attractive potential choice for the anode of sodium-based batteries. In this work, we comprehensively investigated the feasibility of employing borophene as anode material for sodiumbased batteries using density functional theory (DFT) method. The calculation results show that borophene can not only provide a superhigh capacity (1,218 mAh g -1 ), but also exhibit a directional ultrahigh sodium diffusivity, which is estimated to be more than a thousand times higher than that of conventional anode materials such as Na 2 Ti 3 O 7 [26] and Na 3 Sb [27] and one to seven magnitudes higher than other previously reported 2D materials [12] [13] [14] [15] [16] [17] [18] [19] . The ultrahigh diffusivity will revolutionize the rate capability of sodium-based batteries. At different sodium concentrations, the metallic feature and structural integrity of borophene can be well preserved, which ensure good electronic conductivity and stable cyclability.
The calculated average open-circuit voltage (OCV) is 0.53 V, which is an appropriate value for sodium-based batteries to maintain a high energy density while effectively suppressing the dendrite formation. All the calculation results show that borophene is a prospective material for the anode of both sodium-ion and sodiumoxygen batteries.
Computational details
All the calculations were performed using ABINIT software package [28] [29] [30] , with Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) [31] and projector augmented-wave (PAW) method [32] . The cutting-off energy was set to be 20 Ha, and the k-point mesh was set to be \0.01 Å -1
. All the structures have been fully optimized with a force tolerance of 0.01 eV Å -1 . A 5 9 3 supercell was used to study the binding and diffusion of sodium with a 20 Å vacuum spacing along the z-direction.
The binding energy was calculated as [33] 
where E borophene?Na is the total energy of the borophene after bind with sodium, E borophene is the total energy of borophene and l Na is the chemical potential of metallic sodium.
According to the Arrhenius equation [33, 34] , the diffusion coefficient (D) of sodium can be estimated by
where E a is the activation energy (diffusion barrier), k B is the Boltzmann constant and T is the environment temperature. Ab initio molecular dynamics (AIMD) was used to evaluate the structural stability of borophene and the diffusion of sodium atom. The simulations were performed on a 5 9 3 borophene supercell at 300 K using NVT ensemble. The time step was set to be 1 fs and both simulations last 3 ps.
Results and discussion

Structure of borophene
The top and side view of the optimized structure of borophene is shown in Fig. 1a , b. Different from the flat honeycomb structure of graphene [35] , according to Mannix et al. [22] , borophene belongs to the pmmn space group and shows a buckling structure. Here, we distinguish the boron atoms at different heights with ''peak'' and ''valley'', where ''peak'' denotes those atoms at higher positions in the z-axis considered, and ''valley'' denotes those atoms at lower positions. The optimized lattice parameters are a = 1.62 Å and b = 2.87 Å , which agree well with experiment and previous calculation results [22, 36, 37] . According to previous calculations [22, 36] , the phonon spectrum of free-standing borophene shows a small imaginary frequency near the C point, indicating its instability against long-wavelength transversal waves, which can be fixed by defects and may explain the observed stripe formation in experiment. In this work, AIMD simulation was performed to check the thermal stability of borophene at 300 K using a 5 9 3 supercell. The snapshot during the simulation process is shown in Fig. 2a . During the whole simulation process (3 ps), no broken bonds were observed. The movement of one boron atom was tracked as shown in Fig. S1 (online). It can be found that the chosen boron atom only vibrate around its initial position. The free energy of the supercell during the simulation is shown in Fig. 2b , and we can see the fluctuation is in a small range.
Adsorption of sodium onto borophene
To study the binding property of sodium on borophene, four different binding sites with high symmetry (V1, V2, P1, P2) have been investigated, as shown in Fig. 1c . The calculated binding energies for sodium at different sites are shown in Fig. 3a . All the binding energies have negative values lower than -1.2 eV, indicating a strong binding between sodium and borophene at all these four sites. The negative binding energies indicate that the sodium atoms tend to adsorb onto borophene uniformly instead of clustering and forming a separate phase of sodium metal, which can effectively suppress the formation of dendrites. The valley sites show stronger binding than the peak sites, while the energy differences between V1 and V2 or P1 and P2 are quite small. V1 site shows the largest adsorption energy of -1.50 eV, which is larger than that for lithium atom (-1.12 eV) [37] . The charge transfer between sodium and borophene when sodium adsorbed on V1 site is illustrated in Fig. 3b . The charge deficiency around sodium atom and charge sufficiency around nearby boron atoms indicate that the sodium atom loses its electrons to borophene and exists in the form of cation.
Migration of sodium on the surface of borophene
Three diffusion routes were chosen to study the diffusion of sodium on borophene. As illustrated in Fig. 4a , these three routes are labeled as ''valley diffusion'' (V1-V2-V1), ''peak diffusion 1'' (V1-P2-V1) and ''peak diffusion 2'' (V1-P1-V1). In ''valley diffusion'', sodium diffuses along the ''valleys'', while in ''peak diffusion'', sodium diffuses across the ''peaks''. Nudged elastic band (NEB) calculation was employed here to obtain the energy profiles. 9, 19 and 21 images were set for ''valley diffusion'', ''peak diffusion 1'' and ''peak diffusion 2'' according to the diffusion lengths. The obtained energy profiles are shown in Fig. 4b . Both ''peak diffusion 1'' and ''peak diffusion 2'' show a relative higher energy barrier of 0.24 and 0.25 eV, respectively, while ''valley diffusion'' exhibits an ultralow energy barrier of 0.0019 eV, which agree well with the above calculations on binding energies at different sites. This anisotropic diffusion property has also been predicted for lithium atom [37] , which shows that the diffusion energy barrier along the valley direction is a bit higher (0.0026 eV) than sodium. According to Eq. (2), the diffusivity of sodium along the valley direction at room temperature (T = 300 K) is about 10 4 times higher than those along the peak directions, which means the diffusion of sodium on borophene is strongly anisotropic and the diffusion along the peak directions are nearly impossible when compared with valley diffusion. The diffusion energy barrier for sodium in other investigated sodium anode materials such as Na 2 Ti 3 O 7 and Na 3 Sb are 0.19 and 0.21 eV [27, 28] , corresponding to diffusivities about more than 10 -3 times lower that of the ''valley diffusion'' in borophene. When compared with other 2D materials, the energy barrier of ''valley diffusion'' is still ultralow and the diffusivity is one to seven magnitudes higher, as listed in Table S1 (online). This ultrahigh diffusivity along the valley direction indicates an excellent rate capability when using as anode material in sodium-based batteries.
AIMD simulation was also performed to evaluate the thermal stability of borophene after adsorbed with sodium atom. Similar with that of pure borophene, during the whole simulation time (3 ps), no broken bonds were observed and the fluctuation of the free energy of the system was in a small range as shown in Fig. S2a (online) . More interestingly, when we track the movement of adsorbed sodium atom, it can be found that the sodium atom moved along the x-direction (valley direction) as shown in Fig. S2b (online) . The simulation results indicate that sodium atoms could diffuse along the valley direction freely at 300 K. Similar behavior can not be observed along the y-direction (peak direction), which agree well with the anisotropic diffusion property calculated above. The high diffusion energy barrier along the peak direction could also effectively confine the sodium atoms in the valleys and prevent them from clustering.
Electrochemical properties of sodium adsorbed borophene
To study the adsorption behavior at higher sodium concentrations, six different Na/B ratios (x = 0.0667, 0.0833, 0.125, 0.167, 0.25 and 0.5) have been considered by employing 5 9 3, 4 9 3, 4 9 2 and 3 9 2 supercells. For each Na/B ratio, the sodium atoms were adsorbed onto both sides of borophene evenly, as shown in Fig. 5a-f . When the concentration of sodium increases, as shown in Fig. 5g , the absolute value of binding energy will decrease accordingly due to the repulsion of adjacent sodium atoms, while all the binding energies could keep negative lower than -0.5 eV. Thus, at high sodium concentrations, borophene can still exhibit a strong binding toward sodium.
The charge transfer between the binding sodium and borophene is shown in Fig. S3 (online) . In all the concentrations considered, the sodium atoms lose their electrons to borophene. When Na/B ratio reach 0.5, both sides of borophene will be fully covered by the sodium, and we regard this value to be the maximum capacity. The calculated corresponding theoretical capacity of Na 0.5 B is as high as 1,218 mAh g -1 , much higher than those reported in both experiments [9] [10] [11] and theoretical calculations (listed in Table S1 online). The theoretical capacity of borophene for sodium is a bit smaller than that for lithium [37] (Li 0.75 B, 1,860 mAh g -1 ), which is caused by the larger atomic radius. In practice, the borophene sheet may be not well separated. For stacked borophene, the Na on both sides of sheet is shared, and the maximum concentration will be reduced to half of the current estimation.
The open-circuit voltage (OCV) can be estimated using [38, 39] OCV
where E Na x1 B ; E Na x2 B and E Na are the energies of Na x1 B, Na x2 B and metallic sodium, respectively. Figure 6a shows the OCV at various concentrations calculated using Eq. (3). Similar with the absolute value of binding energy, the OCV will decrease as the concentration of sodium atoms increases. All the OCVs are lower than 1.5 V, and when the Na/B ratio exceeds 0.125, the OCV will become lower than 0.75 V. The calculated average OCV during the charge process is 0.53 V. This low theoretical OCV provides the feasibility of using this material as the anode in sodium-ion and sodium-oxygen batteries, which could maintain a high energy density while suppressing the dendrite formation.
3.5 Electronic properties and lattice deformation of borophene during the sodiation process
The density of states (DOS) of bare borophene before and after binding with sodium atoms at different concentrations are shown in Fig. 6b . All the considered systems are metallic, indicating a good electronic conductivity along with the discharge-charge process. Figure 6c showed the lattice parameters of borophene at different sodium concentrations. Even at a concentration as high as Na 0.5 B, the volume expansion is \2 %. The fluctuations of lattice parameters along with the sodiation process are small, indicating a good structural stability when using as anode material for sodium-based batteries.
Conclusion
To summarize, we systematically investigated the feasibility of using the newly experimentally synthesized 2D metallic borophene as an anode material for sodium-based batteries. The calculation results show that borophene exhibits a superhigh specific capacity (1,218 mAh g -1 ), good structural stability and more importantly, an extraordinary high diffusivity along valley direction, which is expected to revolutionize the rate capability of sodiumbased batteries. The metallic feature of borophene can be well preserved along the whole sodiation process, ensuring good electronic conductivity. The calculated average OCV is 0.53 V, which is an appropriate value for sodium-ion and sodium-oxygen batteries to suppress the dendrite formation while maximizing the energy density. All the presented results suggest that borophene is a promising material for the anode of sodium-based batteries.
